Introduction
Cell therapy is a type of medical intervention in regenerative medicine in which sick, dying, or missing cells or tissues are replaced with healthy cells to restore or establish normal functions [1, 2] . Because they have the ability to self-renew and differentiate into various cell types, stem cells are widely studied for their application in regenerative medicine. Among all types of stem cells, mesenchymal stem cells are the most commonly used in cell therapies because they are relatively easy to procure from a variety of tissues, free from ethical concerns, less likely to form teratomas, and rarely undergo spontaneous differentiation during ex vivo expansion [2] [3] [4] [5] . Moreover, therapies using MSC are often considered safe because the transplanted cells exist only for a short time in the recipient's body. Their paracrine effects on tissue repair, as well as the anti-inflammatory properties and homing abilities to damaged sites, have made MSC a very popular candidate for clinical study [6] . The major problem with MSC-based therapies, however, is the inconsistency in the outcome and the strength of effectiveness [7] . The characteristics of MSC from different donors or tissue sources vary greatly. Moreover, the quality of MSC is susceptible to the way they are processed, leading to different results in the risk/benefit assessment in the clinical applications of MSC. As the number of MSC-based clinical trials rapidly grows, there is an urgent need to develop a more stringent method of MSC characterization for quality control and to enhance scrutiny on the safety and efficacy of manufactured MSC. Here, we cover issues related to the quality, safety and characterization of MSC for potential therapies and discuss general regulatory frameworks for new MSC-based drug development, as well as current clinical studies involving MSC and approved MSC therapies.
Sources for Human Mesenchymal Stem Cells
Human mesenchymal stem cells can be procured from various sources, and their potency in curing different diseases depends on their source [7] . Bone marrow (BM) is the most widely recognized source of MSC, even though only 0.001%-0.01% of bone marrow cells are composed of MSC [8] . Harvesting BM from a donor is a highly invasive and painful procedure. Moreover, the number of cells harvested, differentiation potential, and maximal life span of MSC from BM decline with increasing age [9] . Therefore, alternative sources to isolate MSC from have been intensively investigated. Evidence has suggested that MSC have full therapeutic potential and are mostly located in the vascularized tissues throughout the body [10] . The alternative sources of MSC-like cells include adipose tissue, placenta, amniotic fluid [11] , dental pulp [12] , synovial membrane [13] , peripheral blood, periodontal ligament [14] , endometrium [15] , umbilical cord (UC), and umbilical cord blood (UCB). Notably, human umbilical cord-derived mesenchymal stromal cells (HUCMSC) are fetus-derived stem cells collected from discarded Wharton's jelly, which can be obtained after birth without harming either them other or infant, and thus area good substitute for BMSC for the donor's benefit. Recently, human somatic cells have been easy to reprogram into induced pluripotent cells (iPSCs), and this could be another source of MSC. The protocols for deriving mesenchymal stem cells from human induced-pluripotent stem cells (hiPS-MSC) have been proposed as a robust, efficient and safe system for therapy [16, 17] .
The differentiation potential of MSC may differ depending on from where the MSC originate [7] . For instance, researchers have proven that early fetal, placental, and amniotic sources yield abundant primitive MSC with greater multipotency and with faster and longer self-renewal than from an older adult's bone marrow [18, 19] . Moreover, cell size and gene expression of MSC differ depending on their source and expansion methods [2, 20, 21] . In addition, single cell RNA-Seg reveals that the transcriptional diversity of murine bone marrow-mesenchymal stem cells is associated with the osteogenic, chondrogenic, and adipogenic differentiation ability of MSC [22] . Furthermore, it has been reported that MSC from different harvesting sites have varied adipogenic properties and are susceptible to apoptosis on various levels [2, 23, 24] . Concerning all of these differences, the properties and qualities of MSC from a given source should be carefully evaluated when designing an MSC-based product for therapeutic use.
Characterization of MSC Quality, Safety and Potency
Mesenchymal stem cells are often isolated from a donor and expanded in laboratories before being given to a patient in cellular therapies because effective clinical treatment demands a large amount of MSC. Intravenous administration of MSC to patients often requires a dose of approximately 10 6 /kg body weight per injection [25, 26] . It is therefore important to determine the manufacturing processes of an MSC-based product, including from isolation to expansion, and methods in the early phases of drug development. Because research groups use different tissue sources, means of isolation, culture protocols, and chemistry, differences in manufacturing and controls (CMC) characterization tools, MSC quality, safety and efficacy could be expected [2, 20] . We next discuss how the donor and manufacturing processes affect the quality of MSC, and what assays are required to assess the safety, potency, and characteristics of the product (Table  1 and Figure 1 ). Factors such as donor variance and eligibility, manufacturing processes, cryostorage and stability programs for lotto-lot release are all important points to consider and questions to attend to in the Investigational New Drug (IND) Application for an MSC-based therapeutic product ( Figure 1 and Figure 2 ).
Donor Eligibility and Cell Collection
To select reliable and robust cell sources for MSC in clinical applications, it is necessary to investigate how cell behavior differs between donors. In terms of the potency of isolated MSC, selecting a good donor is difficult because evaluation criteria are lacking. While the features of a donor that might affect MSC potency and normality are not fully identified yet, age may be one of the most important criteria [27, 28] . Several in vitro and in vivo studies of human MSC suggest that the age of the MSC donor could be directly linked to differentiation and cloning potential of MSC [9, 28] but not to their morphology or marker expressions [29] . Researchers have also reported that the level of secreted paracrine factors by MSC correlates with donors of matched age and gender, and there could be up to a 10-fold difference [7, 30] . Although there are no specific regulatory requirements for donor selection, there remains a risk of procuring substandard or off-standard MSC from relatively unsuitable donors [28] . For MSC therapies in IND applications, donor screening and testing are necessary for all allogeneic cells or tissues, as required in the 21 Code of Federal Regulations (CFR) Part 1271, except those that meet the exceptions in the 21 CFR 1271.90(a). It is recommended that the donors be screened for human T-lymphotropic virus types 1 and 2 (HTLV-1, HTLV-2), cytomegalovirus (CMV), HIV-1, HIV-2, hepatitis B virus (HBV), hepatitis C virus (HCV), Treponema pallidum (syphilis), human transmissible spongiform encephalopathy (including Creutzfeldt-Jakob disease), communicable disease risks associated with xenotransplantation, and others as appropriate (Figure 1 ) [27] .
Manufacturing
After cell collection from a donor, the manufacturing process of MSC include isolation, expansion, cryostorage, and lot release (Figure 1 ). In general, an establishment designed for manufacturing of MSC-based products should have a well-developed CMC strategy and comply with current good tissue practice (cGTP) and current good manufacturing practice (cGMP) requirements [31, 32] . Product testing is recommended throughout the manufacturing process to evaluate the process itself and to ensure the consistency and quality of the product [27] . Regarding sterility, safety, purity, and potency of a MSC product, several assessments should be performed. To confirm the sterility and safety of the cells, bacterial and fungal testing, mycoplasma assays, and various adventitious agent testing, as appropriate, should be performed ( Figure 1 tests, assays for residual contaminants (such as residual peptides, cytokines and growth factors used during manufacturing) and pyrogenicity/endotoxin testing should be conducted. As for potency tests, different assays could be used depending on the features of the product. Feasible assays include, but are not limited to, CFU-F assays for clonogenicity, flow cytometry or ELISA for surface molecules and co-stimulatory molecules quantification, and differentiation assays to evaluate the multi-lineage differentiation ability. In the final stages where the manufactured product will be cryopreserved or released, the container/closure and stability program of the final product should be carefully tested [27] (Figure 1 ).
Any variation in the processing methods may change the characteristics of MSC [2, 20] . It has been noted that for ex vivo expansion of MSC, parameters including starting material, methods used for enrichment or separation, plating density, devices used for MSC culture, media, supplements and growth factors, as well as passage number or population doublings, are all critical to ensure both good expansion rates and maintenance of stemness of MSC [2, 21] . Specifically, using a low or very low cell seeding density could maintain a high proliferation rate and multipotency of MSC [28, 33] . Sequential passaging of MSC may also render the cells with progressive senescence, reduced proliferation rate, and loss of multipotency [28, 34] . Therefore, in each steps of MSC manufacturing should be carefully designed, validated, and standardized to ensure a preferred and reproducible outcome [35] .
Safety and Potency Assays
To evaluate the safety and potency of a manufactured MSCbased product, several assays have been established (Table 1) . For safety issues, karyotype analysis, teratoma formation assay, soft agar assay, comparative genomic hybridization (CGH), FISH, and PCR are often used to roughly check for the tumorigenicity of MSC, in case they underwent malignant transformation [2, 20, 36] . Assays, such as endotoxin tests ([Endotoxin] < 5 EU/kg or < 0.5 EU/ml) and microbiological tests (bacteria, fungi, mycoplasma, and adventitious agents), are used to ensure the product is free of contamination. To assess the potency of manipulated MSC, aCFU-F assay can be used to quantify precursor frequencies, even though it is not a standardized protocol based on different targeting therapies. In vitro assays have been developed to quantify the expression of surface molecules, such as HLA class I/II and co-stimulatory molecules, to examine the immune-modulating responses of MSC [2] . Furthermore, previous studies have already demonstrated that infusing an MSCconditioned medium renders therapeutic effects [2, 37] , indicating that MSC secrete factors (including FGF-2, HGF, EGF, and LIF) that might have beneficial effects in treating cardiovascular diseases [38] and brain injuries [39, 40] . Thus, analyzing the secretome of MSC may become a decent addition topotency assays [2, 21, 41] . The multilineage differentiation capability is a characteristic of MSC and has been reported in many publications [7, 42] . The differentiation capability to osteoblasts, chondrocytes and adipocytes is related to the efficacy of the MSC-based products and have to be evaluated by in vitro differentiation assays.
Surface Markers of MSC
To specify MSC-based products, the most common way is to where the clinical trials will take place ( Figure 2 ). Here, we provide the general information on conditions where the current MSC-based clinical trials are approved.
In the U.S., human cells, tissue, and cellular-and tissue-based products (HCT/Ps) are regulated by the Center for Biologics Evaluation and Research (CBER), a division of the U.S. Food and Drug Administration (FDA). HCT/Ps must comply with the 21 CFR Part 1271, which addresses issues including procedures for registration and listing, donor eligibility and cGTP. Under circumstances in which the HCT/Ps are minimally manipulated, designed for homologous use only, and not combined with another article and do not have a systemic effect, HCT/Ps are regulated solely under section 361 of the PHS Act. HCT/Ps intended for non-homologous use or more than minimally manipulated are regulated as biological products and comply with IND regulations (21 CFR 312), biologics regulations (21 CFR 600) and cGMP (21 CFR 211). A cellular product such as MSC collected from umbilical cord and placenta is defined as more than minimally manipulated because the processing breaks down and eliminates the structural components that provide cushioning and support, thereby altering the original relevant characteristics of the HCT/P relating to its utility for reconstruction, repair, or replacement [53] . The 
Current characterization of MSC is largely based on the minimal criteria proposed by Dominici et al. in 2006 [42] . The standard definition of MSC according to the International Society of Cell Therapy (ISCT), regardless of the origins and method of isolation, is the ability to stick to plastic, differentiate into adipogenic, osteogenic and chondrogenic lineages by means of specific culture media, and positively express CD105, CD90, and CD73 without expression of CD34, CD45, CD11 and HLA-DR surface markers [42] . Therefore, one of the general MSC drug release criteria is to examine the immunophenotypic profile, with > 95% of the population expressing positive markers (CD105, CD90, and CD73) and < 2% expressing negative markers (CD34, CD45, and so on) ( Table 1 ). In addition to the common tri-lineage differentiation, MSC have also demonstrated the ability to differentiate into mesodermal, neuroectodermal and endodermal lineages [2, 42] . Being multipotent cells of embryonic mesodermal origin, MSC have a fibroblast-like morphology and share common properties with fibroblasts, such as expression of CD105, CD73, and CD90 [43] ( Table 2) . MSC have a fibroblastic or perivascular nicheorigin that activate to support tissue regeneration and repair during tissue injury [44, 45] .
Because the characteristics of MSC are similar to that of fibroblasts, it is likely that MSC cultures are contaminated with fibroblasts, which may lead to decreased purity and differentiation potential of the MSC-based products. To improve the purity of MSC cultures, it is crucial to remove fibroblast-harboring sources, such as the connective tissues during the isolation process, and develop a strategy to distinguish MSC from fibroblasts. One way to achieve this is to observe the expression of surface markers. Table 2A lists several surface markers that have been reported present or absent in MSC or fibroblasts. Some of these markers may help to identify MSC, even though the precise criteria remain unestablished. A novel MSC marker, EphA2, has been recently identified in human BMSC, human umbilical cord perivascular cells [46] , and placenta/umbilical cordderived MSC [47] with the use of quantitative discovery proteomics. Evaluation of MSC quality isolated from umbilical cords by EphA2 detection in early clinical development can save time and expenses by keeping the research direction on the right track. Another way to distinguish MSC from fibroblasts is by evaluating the stemness, colony-forming potential [48] and immunomodulation capacities of the cells because fibroblasts seem similar but are limited in these functional properties (Table 2B) .
It is still unclear whether MSC from different tissue sources and processed by various methods express different markers that may indicate their clinical utilization and therapeutic outcome. Molecular profiles, especially those specifying multipotency, stemness, and lineage associated markers, demonstrate that there are significant differences in the characteristics of MSC that are derived from various tissue sources. For example, adipose-derived MSC express higher levels of CD49d, CD34, and CD54, whereas BMSC express greater levels of CD106 [7, 49, 50] . MSC derived from fetal tissues are also reported to be comparatively immature and expressing pluripotency markers such as SSEA-3 and 4, Oct-4, Sox-2, and Nanog [2, 51] . Markers such as Stro-1 and SSEA-4 are only expressed in BMSC but not adipose-derived MSC or HUCMSC, whereas CD271 is expressed in BMSC and adipose-derived MSC but not in HUCMSC [44, 52] . In short, the minimal criteria for MSC characterization are not enough to classify MSC from various tissue environments. More advanced characterization protocols are needed for the early assessment of MSC quality to improve MSC yield and differentiation potential, before considering their functionality in the later stages of clinical trials and cGMP production.
Regulatory Frameworks of MSC Therapies
When a new MSC drug is ready for clinical trials, responsible persons should apply for it to become an investigational new drug (IND) by contacting the health regulatory authority in the country a new and multidisciplinary expert committee within the European Medicines Agency (EMA) to assess ATMPs and follow scientific developments, technical requirements adapted to the particular characteristics of ATMPs, and special incentives for small-and medium-sized enterprises.
During IND application, the applicant should provide preclinical data along with a well-structured study plan for clinical trials and proof of Good Laboratory Practice (GLP), cGMP, and cGTP compliances (Figure 2) . Tests needed to pass the application include those that approach the quality, safety, efficacy results (for in vitro conditions or from animal tests) and fit the regulations listed in cGTP, GLP, cGMP guidelines [31, 54, 55] . As for the clinical study plan, elements to disclose include drug dosage and treatment time frame, route of administration or anatomic site of delivery, patient selection criteria and group size, clinical monitoring and standard endpoints, risk assessments and others depending on the product type. These general regulatory approaches for new MSC drug IND applications are not "one-size-fits-all" due to the wide variety of cellular products and their potential therapeutic use. Applicants should consult with their regulatory authority for specific requirements [56, 57] .
Clinical Trials of MSC-Based therapeutic Products
The clinical trials of IND is generally divided into three phases. Phase I trials are designed to determine the safety associated with increasing doses during cell therapy. Phase II and III trials are focused on effectiveness of the indication. When conducting these phases, ethical issues should be carefully attended to. According to the NIH's website for clinical research ethics, points to consider include (1) contribution to social and clinical value, (2) valid and feasible approach to ensure scientific validity, (3) fair subject selection, (4) favorable risk-benefit ratio, (5) free-of-bias study, (6) informed consent, and (7) respect for potential and enrolled subjects [58] . During Phase I, safety estimation includes an investigation of the nature and frequency of potential adverse reactions related to different doses. Although the design for safety evaluation is case by case, the issues about metabolic fate, mechanism, toxicity profiles, optimal biologic dose (OBD), monitoring, and long-term followup should be designed. Monitoring classified as general procedures, recording of symptoms and common clinical measurements, and special procedures relevant to intended use of the drug. Long-term follow-up emphasizes subject survival and serious adverse issues, including hematologic, immunologic, neurologic, or oncologic issues. In addition to safety assessment, routes of administration, feasibility of administration and pharmacologic activity are also important topics. Phase I studies generally involve 20 to 80 subjects who are either healthy volunteers or patients. The participants in phase II and III are people who have a certain disease. Phase II and II trials involve a few hundred subjects to several thousand subjects. Phase II mainly gathers information about relationships between effectiveness and dose. This phase needs to be controlled and closely monitored. Phase III, expands in population scale and duration and is intended to collect sufficient information about effectiveness and safety to assess the overall risk-benefit relationship and provide appropriate basis for labeling.
Following the completion of clinical trials, applicants should submit a Biologics License Application (BLA) to the FDA (21CFR600-680) before launching the therapy in to the market (Figure 2) . After the product has been approved for commercialization, postmarketing surveillance, which is a part of a phase IV trial, may be requested. Monitoring adverse events is the emphasis of this phase and the results will be used to update drug labeling and to reevaluate the risks of approval.
Currently, there are approximately 578 trials of MSC-based products for the investigation of their therapeutic potential (sources from the public clinical trials database http://www.clinicaltrials.gov, "Mesenchymal Stem Cell" queried on Jan. 18 th , 2016). The highest activity is found in Asia (39.9%), Europe (22.9%), and North America (20.4%, mainly in the U.S.) (Figure 3 ). In particular, China alone conducts almost 20% of the clinical trials registered, as the Chinese government set stem cell and regenerative medicine technology as a key task in its twelfth Five-year Plan released in 2011 [59] . The nation's government has committed funding to stem cell research at approximately 500 million dollars [59, 60] . As the number of clinical trials continued to grow from 2001 to 2015 ( Figure 4A ), a great majority of the clinical trials are in phase I (27.6%), phase II (21.6%) orphase I/II (41.9%) trials, whereas only 5% of the trials are in phase III ( Figure 4B ). While there are 250 more cases to compare to several months ago, the distribution of trials by phase is similar, suggesting that most of the products are not moving forward in the clinical pipeline [6] . Over half of the trials (51%) are using MSC from the bone marrow, while umbilical cord-and adipose tissue-derived MSC are also popular, with 18.7% and 15.1% use, respectively ( Figure 4C ).
MSC has been applied clinically in treating a wide range of diseases for their multipotency, immunomodulatory properties, homing abilities, and the ability to secrete bioactive molecules assisting in the recovery and repair of damaged tissues [61] . Proposed indications include graft-versus-host diseases (GvHD, 8.8%), heart diseases (7.3%), osteoarthritis (6.2%), bone and cartilage injuries (5.5%), diabetes and its complications (5.4%), cancer (4.2%), spinal cord injury (4.0%), multiple sclerosis (3.8%), liver cirrhosis (3.3%), respiratory disorders (2.8%), Crohn's disease (2.4%), autoimmune diseases (2.2%), and many others ( Figure 5 ). Table 3 highlights the outcomes of some of the clinical trials reported over the past five years. These reports mostly claim the safety and feasibility of their therapy, while the efficacy of the treatment varies in different studies. This suggest that MSC therapy is at the least a safe approach to treat diseases, but its therapeutic potential requires further investigation and demonstration by researchers and clinicians.
In 2011, the MFDS in Korea approved the first MSC drug called Hearticellgram ® -AMI (Pharmicell) for acute myocardial infarction treatment. Since then, eight other MSC therapeutic products were approved and released onto the market, including the well-known Prochymal ® for acute GvHD treatment, which was first developed by Osiris Therapeutics and later off-loaded to Melbourne-based Mesoblast Ltd. [62] . Table 4 lists current MSC therapies available on the market and their indications.
Future Perspectives
MSC are the most commonly used stem cells in clinical applications currently. Still, there are several major hindrances to widening their use [4] . The establishment and implementation of controls for safety, quality, and efficacy of an MSC-based product remains to be the greatest challenge. More in-depth studies are necessary to determine whether certain MSC sources are more beneficial in certain diseases and if their safety and efficacy profiles are similar [7] . The high-throughput dynamic multiple omics system (HiDOS) is an advanced technique for understanding MSC behavior through the use of genomic, proteomic, cell image assays, which provide integrated big data information on MSC in each tissues niche, from fetus and adult sources, in their immune modulation, tissue repair, or self-renewal and differentiation capacities. This database will enhance our understanding of MSC in biology and help define the safety and potency among various MSC samples among variable proteins and genetic information. The enactment of standards by regulatory authorities should accelerate to meet the fastpaced development of MSC therapies and the challenges that follow. Close communication and collaboration is necessary among research teams, clinicians performing clinical trials, and industry. We believe that MSC will continue to be one of the public's great interests and serve as an ultimate solution for a wide array of diseases. 
